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1 ABSTRACT 
An apparatus suitable for this study of residence-time distributions 
is described _and successfully employed in making point local residence-
time measurements within a columnar test vessel. The conductivity of a 
pulse input which contains salt water as the tracer is monitored0 recorded, 
and integrated continuously with time in order to arrive at values of the local 
median residence-time for a chosen point within the test section. 
The application of a·TR-10 analog computer to such work is 
described. Its usage provides excellent results and greatly reduces the 
tedious calculational approach formerly employed. 
The system studied is that of a side entrance port axially parallel 
to the test column. Point residence-times are computed for various different 
radial and axial positions within the test section~ emphasizing entrance 
effect locations. These data are presented in tabular and graphical form. 
Based on the graphical representations is a discussion of the dead regions, 
l~ddying effects, and general flow patterns which culminates in the proposition 
of a model expected under t_h.e test conditions. 
., 
Several novel methods of presenting such data are suggested; thes~ 
help to portray a visual interpretation of the flow occurences within the 
1 
r 
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test column. A normalizing factor is introduced that effectively eliminates 
! . 
the variable of Reynolds Number in such studies where similarity plots 
are desirable. 
2 
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2 INTRODUCTION 
2.1 Subject v 
This report deals with the local residence-time distributions 
of continuous flow systems. The local residence-time distribution is a 
function of the time required for a differential volume of fluid at a given 
\ 
point to be replaced with a new volume of fluid, or conversely, it is a 
measure of the degree of stagnation at that point. 
2.2 Purpose 
Industry has indicated a constant preference for continuous 
flow equipment over batchwise equipment; therefore, there is a need 
for lmowledge of the flow patterns and mixing phenomena in continuous 
vessels. 
This report will give a brief resume of the nature and use of 
residence-time distributions, describe equipment that can be used for 
measurement of these functions, and lastly» using this equipment, inve3t-
igate the local residence-time distributions for certain systems that have 
not been described analytically. 
Residence-time distribution measurements offer a quantitative method 
of investigating flow patterns and mixing phenomena in continuous vessels. 
2.3 Scope 
The experimental investigation of residence-time distributions is 
limited to a single, unagitated1 tubular vessel through which a liquid is 
flowing continuously. Specifically those types of vessels equipped with 
an eccentric entrance port located axially at the base of the vessel are 
investigatedo 
For data taken from a dynamically and geometrically similar 
test section equipped with a concentric entrance port located axially 
at the base of the vessel the reader is referred to Kremer (12). 
4 
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3 ijACKGROUND 
3.1 Character of Residence-Time Distributions 
The residence-time distributions of material passing through a 
continuous-flow system are an important system property. These dis-
tributions are functions of the geometry of the system, physical prope:tles 
of the fluid, and the flow of fluid through the vessel. They are related 
to the transient response of the system and are important assets in 
establishing models of internal flow and mixing patterns. 
Consider a liquid flowing at a constant rate through a vessel equipped 
with small diameter inlet and outlet ports. If several entering molecules 
are marked and their time of passage through the vessel is noted, the times 
obtained for each molecule will be different. However, repeated a statistically 
significant number of times, the residence-time of the molecules ylelds a 
definite and reproducible distribution. If a given differential volume of the 
vessel is arbitrarily chosen in place of the outlet of the system, then 
considering only those molecules which pass through the chosen differential 
volume, the same reasoning applies; i.e., a definite and reproducible 
distribution of times will result. This has been called by Danckwerts (1) 
the local residence-time distribution. 
I' , 
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Formerly, much of the work done involving residence-time distribution 
study was performed on a system as a whole. In this report local 
residence-time data are obtained. The ·obvious advantage in such a procedure 
is that data are obtained that will help predict internal flow patterns, includi:1g 
channeling, dead areas, vortices, and bypassing, as well as internal 
self mixing effects. 
3. 2 Determination of Residence-Time Distributions 
All of the experimental techniques used to determine residence-time 
distributions involve the use of a tracer. This is injected in the inlet stream 
and its concentration is continuously monitored in either the outlet stream 
or at some point within the system. From this data and knowledge of the 
method of introducing the tracer, the residence -time distribution is 
determined. There' are several ways the tracer may be introduced of which 
/ 
three are important. These are: it may be introduced essentially instant-
aneously as a pulse change in concentration of tracer; it may be introdr.ced 
continuously at a constant rate from a chosen point in time before which no 
tracer was introduced yielding a step change in concentration at the inlet; 
and it may be introduced continuously but cyclicly with time providing a 
sinusoidal change of concentration in the inlet. Typical tracer concentration 
outputs (or point measurements within the system) for these methods are: 
6 
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for the pulse change, output rises shortly to a peak value then decreases 
or "tails off"; for the step change, output rises gradually to flnal value; 
and for the sinusoidal change, output is an attenuated sine wave with 
appropriate phase lag. These methods are summarized in Figure 1. 
The pulse input is one of L11e easier to obtain and the easiest to 
analyze, hence is used in the experimental work of this report. 
The most definitive introductory work to the problem of fluid 
selfmixing in vessels (in the light of residence-time effects), is that of 
Danckwerts (2). He considered only the step and pulse inputs; however, 
a second article in the same journal (Kramers, et al. (3)) deals with 
sinusoidal response. A third general work is that of Greenhalgh, et al. ( 4) 
which deals with the problem as related to reactors. 
3. 3 Representation of Residence-Time Distributions 
Because of the experimental nature of the data obtained from residence-
time measurements, the most common form of representing these measurements 
is graphically, where the concentration of the tracer is plotted against time. 
In his definitions of terms to be used with various tracer input methods~ 
Danckwerts (2) cailed the output resulting from a pulse input the "C" CU..,:"lle 
where the ordinate CV /Q (or reduced concentration) is plotted against the 
abscissa vt/V (or reduced time). These dimensionless coordinates characterize 
7 
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Figure 1 - Typical Recordings of Tracer Input Methods 
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the given system conveniently since a value of vt/V = 1 is the time for the flow 
to have filled one volume of the test vessel. Using this· system of coordinates 
the area un,der the "C" curve is unity. The above system of coordinates is 
useful in cases where entire vessels are studied. For measurments of local 
residence-time distributions, however, the concept of vessel volume ceases 
to have meaning. In that case, the most practical coordinates would be vt/Q L. 
fort.he abscissa and C as the ordinate. This choice keeps the dimensionless 
form but vt/Q as a unit no longer has meaning. Figure 2 shows such typical 
"C" curves. 
It is shown then that in order to give a complete picture of the residence-
time distribution of a given system it is necessary to present a complete 
graph for each varying condition. The reduction of such data for a given 
system when many internal local residence -time distributions are taken soon 
becomes extremely tedious. Since the residence-time distribution is simply 
a statistical representation it seems apparent that some statistically signif-
icant quantity ,can be used as an index of the local rate of replacement of fluid 
in a system. This is indeed the case; the indices most commonly used are the 
mean local residence-time and the median local residence-time as reported by 
I 
Danckwerts (1). The mean local residence-time is the average age of the 
material at the point of measurement, whereas, half the material at the point 
of measurement has an age greater than the median local residence -time. 
Ways of arriving at these values are treated below. 
9 
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3. 4 Utility of Residence-Time Distributions 
In addition to the uses for residence-time distributions previously 
mentioned (i.e. that of determining flow and mixing within an arbitrary vessel) 
it can also be employed for efficiency determination in continuous flow 
equipment such as mixers, reactors, and heat and mass transfer equipment. 
Its application to reactors is discussed in Greenhalgh, Johnson, and Nott ( 4) 
who relate reaction vessel design to residence-time distributions and reaction 
order. Levenspiel in two artides, (5) and (6), used the assumptions that 
longitudinal mixing may be characterized by a coefficient analogous to 
molecular diffusivity c,;;xi that the Peclet Number is an adequate I similarity 
i 
criterion for longitudinal mixing. Starting with Fick' s Equation of Diffusion, 
JC ~fc 
- = D~x 
~t r;x (1) 
he derived a complicated function relating Danckwerts' "C" curve coordinates 
to the parameter 0/uL, the so-called longitudinal dispersion number. Given 
also is a method for calculating the dispersion coefficient. In the second 
reference (6), the material presented in (5) is reviewed and charts were prepared 
showing the accuracy of his assumptions with experimental data taken from the 
literature. In a third article (7) Leven spiel presents a cookbook tech.."lique 
for calculating the amount of mixing which occurs when two liquids are pumped 
consecutively through the same pipe. 
111 
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In a short article Spalding (8) has presented an alternate approach to 
the calculation of Das well as correcting its meaning. Levenspiel suggested 
that in complicated systems, an average value of the diffusion coefficient should 
be used in residence-time correction; Spalding refutes this stating that only 
the diffusion coefficient in the inlet pipe need be used. Spalding states the 
mean residence -time correction for a system as being: 
1:/ = V /v + DA/v2 (2) 
It should be noted at this time that the value given originally by Danckwerts (2) 
for the system mean residence-time is: 
'~ j - V/v 1, -
hence, the Spalding equation may be considered a refinement. 
Danckwerts (2) again starting with Fick' s Equation of Diffusion and 
using a different set of boundary conditions has arrived at an equation 
(3) 
relating time, concentration, axial position, and a "diffusivity" (stated as 
an empirical value but is the same as Levenspiel' s diffusion coefficient) for 
a packed tubular vessel (Levenspiel's work involved unpacked vessels). 
<--_ 
Bosworth (9) in a much earlier article has ~hown empirically that 
diffusion is negligible (and hence equation (3) becomes sufficiently accurate) 
when the following conditions have been met: 
12 
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d 7- 26,:Dm L/u (4) 
and L :i" 6. 5 x 104 Dm/u 
i 
V 
For a further treatise and elaboration of mue;h of the above 
discussion including analytical solutions of the cases mentioned the reader 
is referred to Adler (10) and Sabnis (11). 
,• rrr,, 
4 EQUIPMENT 
The equipment used in this work is that constructed by Adler (.lO) and 
modified for the present tracer system IJy Kremer (12). 
This section contains an outline of the system as a whole. The reader 
is referred to Appendix G of this report for detailed information on 
individual components and their circuitry. A thorough treatment 1Jf the 
equipment used is given since it could easily be adapted to the study af most 
test vessels, 
4. I Overall D:!scription 
Basically the equipment consists of two fluid-flow circuits, essentially 
identical, one for inert fluid (city water) and the second for tracer fluid 
(salt water); fluid replacement and circulatory equipment; necessarJ c,Jntrolling, 
measuring, computing, and recording devices; and the vessel being tested. 
4. 2 Fluid Circuits 
As can be seen from Figure 3, the fluid circuits of the inert fluid 
and tracer fluid are identical. Each are stored in a 55-gallon drum equipped 
with city water lines so that (in the case of the inert tank) water can be 
constantly replenished, allowing for continuous operation of the system 
throughout as long a period as ,.:desirable. A pump carries the water to an 
appropriate 5-gallon constant head tank from which it is pumped through a 
14 
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valve (adjusted to the desired flow rate) and a rota.meter to the fluid contro! 
valve. This valve selects which of the city or salt water is to be run int,:;, 
the test vessel and shuttles the unused stream into the tracer storage tank. 
Since during the majority of time the city water is being nm thr.Ju.gh the test 
vessel, the salt water is merely being recycled through the Huid control 
valve back to its storage tank. The small amount of city water run i:1.t) the 
salt water storage tank during a pWse (generally less than one second) 
will not cause any appreciable dilution of the tracer solution. The water 
run through the test vessel is discarded. 
The fluid control valve is a four-port, two-position valve. The 
position of this valve determines whether tracer or inert is being nm through 
the test vessel. The ports are connected as shown in Figure 3. When the 
valve is in its normal positic,n, city water is being run through the test 
vessel, hence ports 1 + 3 are connected, as are 2 + 4. During a pulse, 
salt water is being run into the test vessel, hence ports 2 + 3 are connected, 
as are 1 + 4. 
Pi.ping throughout is 1/2 inch standard steel excepting severaJ. 
connections made with similarly-sized rubber hosing. 
16 
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4. 3 Power Circuits 
Two sources of power were used: standard llOv.a.c. and 
compressed air at 40 psig. The circuitry is shown in Figure 4. The four 
pumps, the pulser, electric stop watch, both recorders, and the computer 
were powered from standard wall receptacles. The compressed air was 
necessary to manipulate the air cylinder that actuated the fluid contro:. valve. 
' 
1. 
Tracer injection periods were controlled by an interval timer operated 
by the pulser. The timer was used to signal a solenoid valve which in turn 
directed the air cylinder actuating the fluid control valve. 
When the fluid control valve is in the pulse position (i.e. tracer 
is being run into the test section) a micro-switch, through which power 
is supplied to the electric stop watch, is depressed. A manual switch, 
also supplying power to the electric stop-watch, is normally thrown during 
the pulse so that the time from the start of the pulse to any desired time 
thereafter may be determined. 
The power supplied to the other electrical components is controlled 
by manual switches. 
4. 4 Recording Circuits 
As shown in block form in Figure 5, a test probe is used to measure 
continuously the electrical conductivity of the solution passing through the 
17 
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test vessel at any point desired. This conductivity reading is translated 
into an electromotive force by a conductivity monitor and recorded. The 
signal from the monitor is also sent to a computer where it is continuously 
integrated with time and recorded on a second recorder. 
A mercury thermometer is located in the inert constant head tank, 
effectively measuring the temperature of the stream entering the test 
section. This is used to manually correct the conductivity monitor for 
the temperature dependence of conductivity, hence eliminating temperature 
as a variable in the conductivity reading. 
Both recorders are of the strip-chart variety. The one used to plot 
conductivity vs. time is a six-point recorder with the input for each point 
wired to the monitor. The second recorder yields a continuous plot of the 
integral of the conductivity with respect to time plotted against time. 
4. 5 Tracer 
The tracer used is that of a dilute solution of common salt in water. 
This was found convenient since such a solution does not alter appreciably 
the density or viscosity of water, henceithe tracer material will not alter the 
flow characteristics of the test vessel. 
Such a solution will change the conductivity of the fluid in the test 
20 
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vessel; it is this property that is easily recorded and is reproducible. In 
addition, it has been found (12) that such low concentrations of saJ.t in water 
yield a functional relationship between conductivity and concentration 
that is linear, hence is very easy to utilize. 
4. 6 Test Vessel 
The test vessel used throughout the experimental work presented 
in this report is shown in Figure 6. It is a 48-inch long, 5. 75-in. ID 
plexiglas column equipped with an entrance port as shown that is 0. 5625-in. ID. 
The outlet from the test section is a simple overflow into a collection chamber 
from which the fluid is discarded. A cap over the test section contains 
guide holes for various positions of the test probe; midway in the test 
column are wires strung parallel directly below the guide holes that serve 
to stabilize the probe in the chosen position. 
21 
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5 PROCEDURE 
After the test column is placed in position the test probe is carefully 
set within the column at the desired position. All electrical equipment and 
the air supply are turned on and the flow rates adjusted so that the desired 
flow rate is read on the rotameters. 
With city water flowing through the column, the thermometer is read 
and set on the temperature compensator on the conductivity monitor. After 
the zero poiht on the recorders has been set and the computer balanced 
so that the voltage supplied in the nulling circuit balances the voltage supplied 
from the conductivity monitor as a result of the conductivity of city water 
the apparatus is prepared for a nm. 
The run is initiated with the depression of the start switch on the 
pulser. Time is kept by the electric stop watch. The integral of C dt 
versus t is kept on one recorder which the other recorder is taking down 
the plot of C versus t. The equipment is run until the conductivity 
monitor indicates the conductivity of city water, i.e. essentially all the 
salt has been removed from the system. 
The concentration of salt used in the tracer system together with the 
length of pulse determine tre amount of salt entering during a pulse. 
Since it was shown earlier that the integral of C dt is essentially a constant 
at any point in the column, the amount of salt · entering determines the 
.--------·· 
maximum value that the computer will integrate. The salt concentration 
must be set accordingly (keeping in mind that the pulse du:ration 
should be approximately 0. 5 second). 
24 
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6 RESULTS 
The experimental results obtained in this report are presented in 
tabular form on the next three pages. Numbers within the tables represent 
the local median residence ~time in seconds for the point within the test column 
given by the coordinates on the edges!of the table. The ordinate is the distance 
fror the inlet axially in the test vessel measured in inches. The abscissa 
I 
is lthe radius number, a unit defined in Table 1 and Figure 6. Each table is 
diagrammatically outlined with the walls of the test vessel. Table 1 also 
correlates the ordinate of the tables that follow with the L/d ratio. It is seen 
that the data is arranged graphically as if it were in the upright column 
with the inlet in the lower left corner. 
Table 1 
COORELATION OF L WITH L/d AND DEFINITION OF RADIUS NUMBER 
L L/d 
(in.) 
1 0.174 
2 0.348 
4 0.696 
8 1. 392 
12 2.088 
24 4.176 
43 7.480 
25 
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Radius Radial Distance 
Radial Distance 
Number from Center of Test 
from Center of 
Vessel* Inlet 
r (in.) (in.) 
1 .. 2.00 
0,59 
2 - 1. 00 1. 59 
3 0.00 2.59 
4 + 1. 00 3.59 
5 + 2.00 4.59 
* a negative sign indicates toward inlet jet 
a positive sign indicates away from inlet jet 
Table 2 
LOCAL MEDIAN RESIDENCE-TIMES IN SECONDS FOR NRe = 5,000 
L 
(in.) 
43 
24 
12 
8 
2 
1 
Inlet 
1 
118. 6 
119. 2 
128.7 
145,6 
170.6 
169.7 
I ( 
2 
139.1 
135.6 
143.1 
164.0 
182.1 
189.2 
Radius Number 
3 
218.2 
141. 4 
144.0 
163.6 
162.7 
170,3 
179.2 
4 
151. 5 
142.1 
146.8 
165.3 
170. 7 
163.1 
5 
140.9 
144,2 
132.1 
159.5 
164.9 
179.0 
26 
Table 3 
LOCAL MEDIAN RESIDENCE~TIMES IN SECONDS FOR NRe = 10,000 
L 
(in.) 
43 
24 
12 
8 
4 
2 
1 
Inlet 
1 
68.8 
63.7 
70.2 
82.7 
95.3 
94.0 
2 
71. 5 
66.0 
72.4 
85.5 
94.4 
92.3 
Radius Number 
3 
122.1 
75.6 
72. 2 
79.8 
89.5 
92.3 
93.0 
4 
75.4 
71. 9 
78.3 
84.6 
95.1 
90.3 
5 
79.1 
71.4 
70. 5 
83.4 
82.1 
85.9 
27 
Table 4 
LOCAL MEDIAN RESIDENCE-TIMES IN SECONDS FOR NRe = 15,000 
L 
(in.) 
43 
24 
12 
8 
4 
2 
1 
Inlet 
' ;• 
1 
41. l 
45.5 
51. 4 
60.5 
64.1 
67.6 
2 
41. 4 
49.0 
49.2 
55.7 
65.7 
63.8 
Radius Number 
3 
83,2 
50.7 
53.6 
51.1 
63.2 
63.4 
60.1 
. 
7' 
.I 
4 
53.3 
49.0 
53.0 
59.6 
69.8 
62.5 
J' 
5 
49.1 
49.8 
49.6 
55,2 
57.5 
62.8 
28 
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7 DISCUSSION OF RESULTS 
7. 1 Calculation of Results 
During preliminary runs it was observed that an error, approxi.mateJ.y 
5% of the median residence-time, was present when all equipment was 
operated as near steady state as possible. Most of this error is attributed 
to changing flow patterns within the test vessel. Therefore, it was decided 
to allow a maximum of 5% error between any two runs under identical 
conditions. Any two runs differing by more than this standard meant a third 
or more runs would be taken. Any run varying by more than 10% wa~ 
arbitrarily discarded. Hence, the data for each position and flow rate 
within the test vessel represents two, three, or more individual runs averaged 
according to the above standards. This procedure insures the greatest 
accuracy from a reasonable number of runs. 
It may be noted that no correlation curves are presented for the 
relation of conductivity with concentration. The work of Kremer (12) 
has shown this relationship to be linear; hence, since the method of 
determining residence-times in this report involves only relative techniques, 
sue? curves would be unnecessary. 
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7. 2 General Observations 
As reported previously in work dealing with 
the residence-time of 
a system as a whole (10), (11) the tail of the c vs. t cu
rve was found to decay 
( exponentially. Thus it may be generalized that in
 any residence-time 
measurement involving tubular vessels of th
e nature studied in t-lJis report, 
the decay of the c vs. t curve will be expone
ntial. 
In order to make the results of this report m
ore readily visualized, 
the data presented in Tables 2 through 4 hav
e been plotted in Figures 7 
through 9. The ordinate of these graphs is l
ogarithmic distance axially 
from the inlet (plotted in logarithmic units for concise
ness) while the abscissa 
' 
.//~\, 
is the radius number. Each major unit on the major axis
 defines a smaller 
box in which is plotted the median residence
-time, T, for that location 
on both coordinates within that box. Thus, t
his type of plot plainly shows 
variations and their relative magnitudes in b
oth axial and radial directions, 
conveniently on the same graph. 
Close scrutiny reveals several general state
ments. For all three 
plots the value of T in the r = 1 column decr
eases with increasing L. A 
reduction of residence-times is expected thu
sly since the jet from the inlet 
pipe is expected to diverge as L increases. 
For the higher values of L, 
T generally increases as r goes from I to 3
, further evidence of the spreading 
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of the inlet jet. A high value of T is visible in progression frcm (3, 8) 
(coordinates in parentheses are thus, (r, L)) at NRe = 5,000 through (3, 4) 
at NRe = 10,000 to finally (4, 2) at NRe = 15,000. This indicates the presence 
of a stagnation point which is moving from the center of the column downward 
toward the wall away from the jet as the flowrate increases. It is also noted 
that the side of these stagnation points away from the jet is an area of lower 
T, meaning higher flowrli,te, and detects the presence of an eddy (explained 
below) whose center is the stagnation poinL The upper limit of this eddy 
appears to be in the vicinity of L = 24in. for the lowest flowrate, at L = 12in. 
for the intermediate flowrate and further down to L = Bin. for a Reynblds 
Number of 15,000. This indicates that the size of the eddy reduces with 
increasing flowrate; as it grows smalle~ates toward the corner away 
~ ./ 
from the jet. The (5, 1) position is generally an area with high residence-time; 
confirming the suspicion that the corner of the vessel opposite the inlet jet 
should be a stagnation area. 
An observation made only in the case of the lowest flowrate is the 
location of the stagnation point at (2P 1). This arises from two causes: 
first the eddy previously mentioned is more confined and elongated than 
at the higher velocities, and second the jet does not appear to expand as rapidly 
for the lower throughputs (point (Ip 2) of Figure 7 tends to confirm this also). 
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Taking each plot and observing i.t as an integral unit one gains some 
insight into evenness of the flow patterns by noting the general distortion 
of the lines interconnecting the data points. The distortioni decreases with 
increasing flowrate thus indicating that higher Reynolds Numbers increase 
the probability that a large number of particles with the same age will 
emerge from the test area; thus, for example, giving a greater product 
uniformity of a reaction where contact time with reaction conditions is 
crucial. 
7.3 Normalized Results 
So that a greater amount of information could be garnered concerning 
this class of vessel, a method was sought to correlate the data from the runs 
of different flowrates. This was effected by choosing an appropriate 
"normalizing" factor that would cancel effects of Reynolds Number. The 
most suitable (as well as the most likely) was a local residence -time 
measurement near the exit c,f the system, where entrance effects have been 
largely cancelled out. Accordingly, residence-times were determined for 
each of the flowrates at the position (3, 43). These values approximate the 
median residence-time of the system as an effective "normalizing" factor, 
Each normalizing factor, N. F, , was used to divide each value of T 
for that particular flowrate; the resulting values are plotted in Figure 10, 
T /N. F. being represented as a percentage. 
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As can be seen from Figure 10, this technique satisfactorily makes it 
possible to compare different flowra.tes from data plotted on the same graph. 
Again the spreading effect of the incoming jet is easily seen, The inversion 
of the points for the various flowrates as one proceeds from (3, 8) through 
( 4, 4) to ( 4, 2) shows the trend of the stagnation point that is the center of 
an eddy, The eddy at (2 1 1) is again apparent in the lowe&t flowrate but 
entirely lacking at the higher flowrates. Points such as (4, 1), (3, 2), (1, 2) 
and (3, 4) and to a lesser extent the remaining points in the r = 1 column, 
that have all three flowrate pcints near each other, indicate positions in the 
test section whose flow patterns de not vary with flowrate. 
7. 4 Proposed Model 
It is seen that an area with high residence -time has a low rate of 
replacement of fluid hence it would have a bw velocity of fluid passing 
through it. Conversely, the opposite is true. The proposed model for 
this system, based on the above criterion and discussion1 is shown in Figure 11. 
In this figure stagnation points are shown for areas with high residence ··times 
(and hence, low rates of replacement}. These are indicated at (2, 1), (5, 1), 
and (3, 8) as previously discussed. The first two are located on the vessel 
boundary hence cannot be the centers of eddies. The third, however, is 
located near the axls of the test vessel and seems likely to be an eddy 
•1l"-' ·•. ~·. ·J ; ' 
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stagnation point. Moreover, it was qualitiatively observed from the c vs. t 
data that the time between tracer injection and detection was consistently 
greater in the r = 5 region compared with the r = 1 area fer L ( 12in., hence 
more time is required for the fluid to arrive in this region. If the tracer 
traveled directly to the r = 5 region frorp. the inlet port, the above would not 
be observed, therefore, eddying as shown in Figure 11, must occur. 
Dead regions in the model are those areas with smaller residence-times 
than at stagnation points, By "dead" is meant measurable currents but not 
the major streams. In each case1 a dead region, quite logically encompasses 
a stagnation point. 
Lastly, the locations with lowest residence c,times (and highest 
replacement rates) are considered major flow areas. This is shown by 
arrows pointing the expected direction of flow as deduced from the above 
eddy criterion. The length of the arrow indicates relative velocities as 
interpreted from the data, 
Increase of the throughput from NRe = 5,000 to 151 000 would cause 
the eddy at (3, 8) to migrate toward ( 4, 2) and the ed~y at (21 1) to disappear. 
The proposed model would exhibit no other changes. 
It must be pointed out that, since the NRe' based on the test vessel 
diameter, is a factor of ten less (due to the d/0 ratio) than the values given 
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throughout this report, the flow in the test column is strictly in the laminar 
regime. Hence, since the jet is turbulent, this proposed model is for a 
turbulent jet entering a laminar area, Further experimentation is necessary 
before models for other conditions can be deduced. 
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8 CONCLUSIONS 
It is concluded that: 
1. The basic design of the apparatus used in this investigation is 
satisfactory for the determination of median local residence -times. The 
techniques used should easily be extended to any class of test vessels. 
2. The proposed model shown in Figure 11 describes the flow 
patterns, eddies, and stagnation points for the class of vessel studied, under 
the conditions of a turbulent jet input to a laminar column. 
3. The data may be coorelated by use of a normalizing factor for 
similarity studies where the effect of N Re is largely eliminated. 
4. The median residence -time is an effective means ,of simply 
describing a local residence ·-time distribution. 
5. The proposed method of plotting the residence ·-time data as 
used in Figures 7 through 10 yields a good visual means of interpreting 
residence-time phenomena .. 
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9 RECOMMENDATIONS 
It is recommended that for future work: 
l, Studies should be undertaken at points in this system not along 
the plane of symm~try (as was all the data in this report) of the system 
(Le, the plane drawn through the axes of the inlet pipe and test column), 
Such data may suggest a model for these regions quite unlike that proposed here. 
2. The effect of d/6 as well as a greater variation of NRei 
particularly into the turbulent region within the test section, should be 
undertaken. 
3. The relationship between mean and median residence-times 
be explored for this system in order that coorelations be made available. 
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A. Derivation of Mean and Median Local Residence-Times 
Applying the law of conservation of mass to the tracer flowing through 
the system we choose a volume element fixed in space within the test vessel. 
Let this volume element be Axl::..yAz. There are three contributions to the 
concentration of tracer within this element, these being accumulation,,, 
input, and output. The accumulation or the time rate of change of concentration 
of tracer in the volume element will be (aC/ch) ~xf::.y~z, The input of tracer 
across the face at x will be Nxjx D.y/J.z. The output of tracer across the face 
at x +.6.x will be Nx(x +~x AyAz, 'There are also input and output terms in the 
y- and z-directionsft When the entire balance is written down and divided through 
by Ax.Ay/lz, one obtains, after letting the size of the volume element decrease 
to zero, 
Rewriting the above in terms of vector notation we have, 
dC/dt + 'vN = 0. 
Now assuming that the tracer travels by both convecti.on and diffusion we 
can break N up into its component parts according to the mode of travel of 
the tracer thusly, 
N = J* + qC • 
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(5) 
(6) 
(7) 
From Fick's First Law of Diffusion we can say that, 
J* = ·· De VC (8) 
Substituting equations (7) and (8) into (6) the following is obtained, 
dc/~t = V(De ~C) .. V(qC) (9) 
a result arrived at by Spalding (8). It is easily seen that this is a more 
general form of equation (1). In this equation q is the local velocity vector 
and De is the local effective (laminar and turbulent) diffusivity at any point 
within the test vessel. Both q and De may vary with position but not with 
concentration or time, applicable assumptions with a low-concentration 
tracer and steady state operation. 
Integrating equation (9) over all time starting at the tracer pulse 
we obtain, 
r;,.9 0-:, 
c00 - C0 = V(De '\Jr C dt) - 'Q(q f C dt). 
() 0 
(10) 
At all points C'.o-::i is zero since at long enough times no tracer 
remains in the test section. For all points downstream of the injection point 
c
0 
is also zero since a finite amount of time is necessary for a finite amount 
of tracer to enter the test section. Hence, the left hand side of equation (10) 
is zero. For simplicity let 
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(11) 
Then equation (10) becomes, 
v(De°\7I) - \7(ql) = 0. (12) 
This is simply the steady state diffusion equation in the absence of sources, 
Since we have put no restrictions on the above equation in respect to 
position within the test section it must be valid at the vessel walls. But at 
the vessel walls the gradient of the concentration is necessarily zero, hence 
the gradient of I must also be zero and the only solution of equation (12) 
is that I is a constant everywhere. 
It can be shown that the distribution of "ages" of tracer in a volume-
element around a point measurement of C can be arrived at from the variation 
of C with t. (Here "age" is the time elapsed from the time the particle 
entered the system to when it was detected at the point measurement.) 
From Danckwerts "C" curve coordinates it is seen that the fraction. of tracer 
having "ages" between t and t + dt is vC/Q dt. 
The average age, or mean residence-time, of the tracer at the point 
under measurement (since the average age is the mean time spent by the 
tracer particles in the test vessel taken over all particles) can easily be seen 
to be represented by 
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oO fctdt 0¢ 
1- f fctdt, - 0 = 
.-M (13) 
CJ C dt 0 
A value for I needs to be determined. From the statement in 3. 3 of 
this report, it was stated that the area under the "C" curve is unity (2). 
Mathematically, 
This can be arranged to (after dividing through by V) 1 
(dJ 
; C dt = I = Q/v ()) 
hence
1 
we have a convenient expression for I. 
Substituting the above in equation (13) yields the desired result, 
C,l-:" 
C' = ~Jct dt, 
(14) 
(15) 
(16) 
It is apparent that a function involving I (such as the above) will be very 
useful in represe"Qting local residence-time distributions since the normalizing 
factor I will be constant for any position in a test vessel and therefore 
representative of the system~ Variations in the integral of the above equation 
will indicate the rate of replacement or degree of stagnation at the point 
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being measured. Unfortunately, the mean local residence-time may be hard 
to arrive at since uncertainities may exist about the tail of the curve. To allow 
for this possibility1 the median local residence-time i.s the preferred index of 
the local distribution. This is the time at which half the particles at the point 
under consideration are "older" and half are "younger" (these expressions 
are of relative length of time after the particles have entered the system). It 
is easily seen to be, 
T Jcctt 
1'") 
( c,I') 
= f C dt = 
_..) I/2 = Q/2v 
(17) 
where T is the median local residence-time. This is more easily calculated 
since the graphical integration (or computed integration) need only be carried 
out for C vs. t to the point where the area under the curve is equal to Q/2v. 
This point is the local median residence -time" 
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B. Variables Studied 
By a dimensional analysis approach to a study of this nature, Adler (10) 
arrived at four dimensionless similarity groups that characterize a system 
such as studied herein, These four are: Reynolds Number based on inlet port 
conditions, Froude Number based on inlet port conditions, distance from inlet 
to point under consideration-to-diameter ratio in the test vessel, and the diameter 
ratio of the inlet port to that of the test column. The location of the inlet port 
and type of outlet must also be specified. 
The Froude Number, for all practical purposes, cannot be varied indepen-
dently of the Reynolds Number and hence was eliminated as a variable. In addition, 
Adler (10) expected a low functional dependence on the Froude Number. 
Variables, such as tracer concentration and pulse time, expected 
to be of minor consequence, were checked. 
The following nominal values of the dimensionless groups were studied: 
L/d 
d/J 
1/6 
5,000 
10 
1/3 2/3 
10,000 
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C. Details of Equipment 
C. l Interval Timer 
The interval timer used is model number 60 MC, manufactured by the 
G. C. Wilson Com.pany of Chatham, New Jersey. It is adjustable for time 
cycles from 0.1 to 60 seconds in duration. The timer is of the maintain-
contact resistance -capacitance-discharge type. 
C. 2 Pulser 
The pulser was buil-c by Adler (10) in 1957 for work of this nature; a 
schematic diagram is given in Figure 12. When depressed, one pole of the 
start switch sends power to the advance side of the solenoid valve while 
the other pole simulatneously starts the interval timer. The timer immediately 
closes its output circuit causing the relay within the pulser to swing upward; 
this causes the capacitor to be charged by the selenium rectifier. The time 
required for this charging is only a few milliseconds. At the end of the 
preset ti.me period the timer opens its output circuiti the relay within the 
pulser falls to its original positioni and the charged capacitor sends power 
to the retract side of the solenoid valve. 
The pulse time during experimentation varied between O. 5 and 1. 0 
seconds. In this interval it was found that the interval timer was often as 
much as 20% in error from one pulse to the next. This large deviation, 
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which might have caused a good deal of trouble, has been shown to produce no 
appreciable error in the local median residence -time computation ( see for 
example the data of Runs #220 through 222). 
C. 3 Solenoid Valve and Air Cylinder 
A combination valve and cylinder, model number CC-lC-60 manufactured 
by the Bellows Company of Akron, Ohio, was utilizedto actuate the fluid 
control valve. This combination (trade name "Electroaire") is a special 
rapid acting type; the cylinder being a standard I -inch diameter, 6-inch 
stroke, swivel-mounted type. Operated with 40 psig from the compressed 
air line, the time required for a forward or reverse stroke of the fluid 
control valve was less than Q, I second. 
C. 4 Electric Stop Watch 
An electric stop watch, model number 62930 1 manufactured by 
Precision Scientific Company of Chicago, Illinois, was used to measure 
the time period from the start of the pulse to the time of starting the 
Honeywell Recorder. This instrument reads directly in tenths of seconds. 
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C. 5 Microswitch 
The microswitch used was mounted so as to be closed when the fluid 
control valve is in the forward (or pulse) position. It thus actuated the 
electric stop-watch for the duration of the pulse, A second (manual) 
switch was thrown during the pulse to keep the stop-watch operating after 
the fluid control valve was returned to its normal position. In this way 
the time period described in C. 4 could be determined, 
C. 6 Test Probe 
This is a specially built probe, designed to give effective point 
measurements of conductivity. It is shown in Figure 13, One-quarter 
inch stainless steel tubing in five-foot lengths was tipped at one end with an 
epoxy seal through which protruded the tip of a platinum wire, The epoxy 
seal also insulates the platinum wire from the tubing. A wire was attached 
to the piece of platinum wire and run through the tubing to emerge at the 
opposite end. A second wire was soldered to the tubing and the wire pair 
connected to the conductivity monitor. 
Thus the platinum wire serves as the electrode from which current 
is transmitted radially to the second electrode, the tuJ:Hng; thereby giving an 
effective point conductivity measurement. 
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C. 7 Conductivity Monitor 
A model number 4957 conductivity monitor manufactured by Leeds 
and Northrup Company of Philadelphia, Pennsylvania was used to convert the 
conductivity reading measured by the test probe into a O to 10 millivolt 
signal continuously, 
C. 8 L + N Recorder 
A six-point strip·-chart recorder, Speedomax TY.Pt:! G, man\4.factured 
also by Leeds and Northrup Company was used to record the output of the 
conductivity monitor, thus effectively plotting a record of the concentration 
of the solution passing the test probe in the test section versus time. All 
six points of the recorder were wired together to give a continuous 
reading point to point. 
The recorder placed a point on the chart paper every two seconds 
and was operated at a chart speed of two inches per minute. It operates 
in the O to 10 millivolt range. 
C. 9 Pace Computer 
A Pace TR -10 analog computer manufactured by Electronic Associates, 
Incorporated of Princeton, New Jersey was used to integrate the conductivity 
reading continuously with time. Figure 14 shows the computer program used. 
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As the conductivity of city water was some value greater than zero 
it was necessary to continuously subtract out this value. To accomplish this 
the nulling circuit shown in the lower left of Figure 14 was used. This value 
varied slightly thus making it necessary to continuously adjust potentiometer #3 
so that the conductivity of the city water would be eliminated from the integrating 
process at all times. 
The output of amplifier # 1 was kept in the range of O to 10 volts 
(thus utilizing the maximum handleable voltage of the computer). Since 
the Honeywell Recorder could only handle the range O to 10 millivolts, 
the output of amplifier #1 was stepped down by a factor of ten in each of 
amplifiers #2 through #4 before being sent to the recorder. 
An excellent, recent article dealing with computer application of 
residence-time studies is that of Hyman and Corson (13). This work gives 
details for computer usage for studies involving both step and pulse functions. 
C. 10 Honeywell Recorder 
The continuous strip ··chart recorder used to plot the integral of 
conductivity with respect to time versus time was a Brown Electronik, model 
number Y -153Xl8(VA)-X-l 18 manufactured by Minneapolis-Honeywell Company 
of Philadelphia, Pennsylvania. This recorder operates in the O to 10 millivolt 
range and was geared with a chart speed of one inch per second. 
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D. Details of Procedure 
Since the pulse theoretically is supposed to be instantaneous it is 
desirable to have the pulse time as short as is feasible. Considering the 
quality of the equipment being used the injection period was taken as 
approximately 0. 5 second. For this pulse interval a concentration of salt 
in the tracer system must be arrived at. This concentration must be as 
large as practical for accuracy but must not be so high as to either cause 
the conductivity monitor to go off scale for a period of several seconds or 
cause the computer to integrate beyond the maximum imposed upon it by 
vi;rtue of the design of the recording system. Several trial runs were made 
to determine the optimum concentration of salt; this value turned out to be 
approximately 0.15 pounds dry salt per gallon water, 
Once the test section has begun to fill with water at the beginning of 
each series of runs the pulser start switch was depressed several times 
to make certain that all the air trapped in the fluid control valve had been 
removed. At this time the pulse injection period is set on the timer. 
After allowing several minutes at high flow for the salt to be fli.ished 
out of the system, the zero point is set on the Honeywell recorder. Also at 
this time, the computer is balanced for the city water conductance by the 
following means: the function switch on the computer is placed in the "operate" 
position and with the amplifier selection switch set for "I", the meter select 
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switch set in the "amp" position, and the meter sensitivity switch set for 
maximum sensiti'WY adjust potentiometer #3 until the meter needle does not 
move; thus indicatit~that the computer is not integrating hence the nulling 
circuit balances the city water conductivity. Return the function switch 
to "reset" and place the sensitivity switch on the O to 10 volt range. 
After the flow rates have been set on the rotameters and the temperature 
set on the manual temperature compensator on the conductivity monitor, 
the apparatus is prepared to make a run. First turn the L + N recorder 
chart drive on then depress the start switch on the pulser. This will give 
the desired pulse of salt water into the column. Before the pulse has ended 
turn the manual switch operating the electric stop-watch on so that the stop·· 
watch will continue to run after the pulse. Immediately after the pulse depress 
the computer function switch to "operate". At this point it is not'ed that the 
L + N recorder is plotting conductivity versus time and the computer is 
integrating the area under that curve continuously (as shown in the deflection 
of the computer meter and the movement of the pen on the Honeywell recorder). 
When the pen of the Honeywell recorder indicates that the integrated value 
is within 40% of the expected final value (a value arrived at by several 
trial runs made earlier) simultaneously shut off the electric stop-watch 
and turn on the chart drive of that recorder. Note on the chart for that 
recorder the time accumulated to the point when the chart drive was turned on 
as read from the electric stop-watch. Shut off the chart drive for the 
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Honeywell recorder when the pen has reached 60% of final value. Shut off the 
chart drive for the L + N recorder when the tail of the curve has been 
sufficiently defined. 
Allow the apparatus t:0 ccnti:'.me operating until the vah1e oa the 
conductivity monitor ha.s returned to essentially that of city water (the computer 
will have stopped integrating). Record on the Honeywell reccrder the final 
integrated value; determine 50. 5% of th1 s final value and from the chart 
recording determine the length of time required for the chart to read that value; 
this length of time is the local median residence ··time for the point under test. 
It may be noted that it 1s stated above that 50. 5% of the fina.l value 
should be used. This is so since to obtain the total integrated value one would 
have to allow the apparatus to integrate indefinitely. To circumvent this difficulty 
a rule of thumb is used., It was noted from several trial runs that 99% of the 
total integrated value (here called the final. integrated value) would be obtained 
after running the equipment the following approximate length of time from the 
pulse injection: 
NRe of run 
5,000 
10,000 
15,000 
t at which 99% of total 
integrated value is reached 
1,000 sec. 
600 sec. 
400 sec. 
• .. 
60 
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It is this slight difference between the total integrated value and the final 
integrated value that causes one to use 50. 5% of the final integrated value, 
rather than 50%. 
As the city water storage tank would soon be depleted if a fresh 
supply were not being constantly added, the valve on the city supply line is 
left open to the point where inflow approximately equals outflow from the storage 
tank. An advantage of this technique is that it helps maintain a constancy of 
temperature in the system. The tracer solution temperature may be disregarded 
since the small amount of tracer solution added during a pulse will not 
appreciably alter the temperature within the column . 
61 
,,: 
l 
I 
., \ 
. i 
E. Rotameter Calibrations 
Calibration curves were not available to the author at the time when 
experimental data was initiated so the two rotameters in the apparatus were 
calibrated by the usual method of catching tthe stream of water emerging from 
the apparatus in a weighed bucket for a measured period of time. By knowing 
the rotameter reading for that test and by taking other points at other rdtameter 
readings a calibration curve is readily prepared. The calibration curves 
for the rotameters is given in Figure 15. 
Accuracy was greater than 1% during this procedure, hence it is 
expected the data thus obtained is as accurate as published curves would be. 
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Figure 15 - Rotameter Calibration ~Curves 
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F. Sample Calculations 
As the majority of calculations necessary in this report are of the 
routine kind (such as standard weighing and calibrational techniques for the 
rotameter calibrations, determinations of flow rates from Reynolds Number 
and physical properties of equipment and fluid, etc.) the calculations were 
generally straightforward. The determination of the median residence -time in 
its various forms used in this report seems important encugh to include 
in this section. 
F. 1 Determination of Median Residence -Time from Computer Data 
The evaluation of the median residence -time is quite simple from the 
output of the computer, For example, the data of Run #21 is shown in Figure 16 
as the recorder would have plotted it, The time to the point where the chart 
drive was turned on (see Appendix D) was 58. 8 seconds. The maximum 
value integrated (after 400 seconds as this run was at NRe = 15, 000) was 89 
on the abscissa. 50. 5% of 89 is 45 and hence the point at which the median 
residence -time is reached. Knowing the chart speed to be 1 in. /sec. the 
value of 3. 2 seconds is summed to the value of 58. 8 seconds to obtain 
62. 0 seconds for the median residence time, 
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Figure 16 - Sample Computer Output Curve (data from Run #21) 
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F. 2 Determination of Median Residence -Time by Graphical Integration 
As a check on the accuracy of the electrically computed values for 
median residence-time, T of Run #21 was calculated from c vs. t data. 
By use of a planimeter the area from Oto 60 seconds, shown in 
Figure 17, was graphically integrated to obtain 
(i:,O 
) c dt = 3208 sec. units. 
()' 
c vs. t data was also plotted on sei:nilog pap~r (Figure 18) as it was surmised 
that the tail of the curve would be exponential as discovered by Adler ( 10). 
This turned out to be the case hence the following was obtained 
C = 106 e -0. 0137t . 
Integrated, this yielded 
OC> 
106 f-O. or37t dt = 3390 sec. units. 
,o 
Thus the total area is 6598 sec. units and the value for T is expected at 
3299 sec. units, hence, 
00 
106 fe-0.0137t dt = 3299 sec. units. 
T 
Solving yielded T = 62, 1 seconds or a value essentially identical to that obtained 
. 
in F .1 above; thus giving excellent confirmation of the accuracy of the computer 
in this application. 
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G. Data Summary 
Run No. r L NRe T Remarks 
'.'pn:') (sec.) 
May 17, 1962 
1 1 1 5,000 178 .. 7 
2 1 1 5,000 162.0 
3 1 1 5,000 168 .. 4 
4 1 1 10,000 93.9 
5 1 1 10,000 94.0 
6 1 l 15,000 62.6 Discard 
7 1 l 15,000 68,l 
8 1 1 15,, 000 67,2 
9 1 2 5,000 152.7 Discard 
10 1 2 5,000 172. 2 
11 1 2 5,000 169.1 
12 1 2 10,000 95.5 
13 l 2 10,000 95.0 
14 1 2 15,000 65.4 
15 l 2 15,000 61. 4 
16 1 2 15,000 65.4 
17 l 4 5,000 146.5 
18 1 4 51000 144.8 
19 1 4 10,000 82.7 
20 1 4 10,000 82.6 
21 l 4 15,000 62.0 
22 1 4 15,000 59.1 
23 1 8 5,000 126.9 
24 1 8 5,000 130.5 
2q 1 8 10,000 71. 2 
26 1 8 10,000 69.2 
27 1 8 15,000 51. 6 
.,. 28 1 8 15,000 51. 2 b 
,· 29 1 12 5,000 123.3 
c-
.:; 30 1 12 5,000 115. 2 
'f;, 
,. 
;; 31 1 12 5,000 119.1 ; 
32 1 12 lOi 000 64.l 
33 1 12 10,000 63.3 
34 1 12 15i000 45.1 
35 1 12 15,000 45.8 
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Run No. r L NRe T Remarks 
(in.) (sec.) 
.36 1 24 5,000 131. 7 Discard 
.37 1 24 5,000 119. 5 
38 1 24 5,000 l38.7 Discard 
39 1 24 5,000 117. 8 
4(1 1 24 10,000 59.8 
41 1 24 10,000 65.5 
42 1 24 10,000 71. 2 
43 1 24 15,000 41. 4 
44 1 24 l.S, 000 41. 0 
May 18, 1962 
45 2 1 5,000 185. 7 
46 2 1 5,000 192. 8 
May 19, 1962 
47 2 1 10,000 94.2 
48 2 1 10,000 90.5 
49 2 1 15,000 65.8 
50 2 1 15,000 61. 4 
51 2 1 15,000 64.1 
52 2 2 5,000 180.3 
53 2 2 5,000 184.0 
54 2 2 10,000 85.5 
55 2 2 10,000 101. 0 
56 2 2 10,000 92.9 
57 2 2 10,000 98.0 
58 2 2 15,000 66.6 
f : 59 2 2 15,000 64.8 
June 7, 1962 
60 2 4 5,000 165.9 
61 2 4 5,000 162.2 
62 2 4 10,000 83. 6' 
63 2 4 10,000 87.4 
64 2 4 15,000 56.2 
65 2 4 15,000 55.2 
66 2 8 5,000 143.6 
67 2 8 5,000 142.7 
68 2 8 10,000 72.1 
69 2 8 10,000 72.6 
... 
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Run No. r L NRe T Remarks 
1 ,. 
~\ 
(in.) (sec.) 
·,, 
f 
. 70 2 8 15,000 46.9 Discard 
71 2 8 15,000 49.1 
72 2 8 15,000 49.3 
73 2 12 5,000 136.5 
74 2 12 5,000 134.8 
75 2 12 10,000 67.4 
76 2 12 10,000 64. 7 
77 2 12 15,000 47.8 
78 2 12 15,000 50.2 
79 2 24 5,000 139.3 
80 2 24 5,000 138.9 
81 2 24 10,000 68.9 
82 2 24 10,000 73.6 
83 2 24 10,000 72.1 
84 2 24 15,000 38. 7 
85 2 24 15,000 43.9 
86 2 24 15,000 41. 7 
June 8, 1962 
87 3 1 5,000 176. 7 
88 3 1 5,000 181. 7 
89 3 1 10,000 92.5 
90 3 1 10,000 97.2 Discard 
91 3 1 10,000 88.8 
92 3 1 15,000 61.1 
93 3 1 15,000 59.2 
94 3 2 5,000 185.1 
95 3 2 5,000 174.2 
· .. 
i· ·: 96 3 2 5,000 165.0 
97 3 2 5,000 157.4 
98 3 2 5,000 169.2 
99 3 2 5,000 184.2 
100 3 2 5,000 156.9 
~ !; 101 3 2 1~000 90.0 
' 
102 3 2 1 000 94.5 
103 ·3 2 15, d'OO 62.2 
i 104 3 2 15,000 64. 7 
105 3 4 5,000 166.7 
106 3 4 5,000 158.8 
107 3 4 10,000 85.9 
108 3 4 10,000 93.4 
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Run No. r L NRe T Remarks (in.) (sec.) 
\"' 109 3 4 10,000 89.2 
110 3 4 15,000 64.7 
111 3 4 15,000 61. 7 
~y 
June ll, 1962 
112 3 12 5,000 135.9 
113 3 12 5,000 151. 2 
114 3 12 5,000 144.8 
115 3 12 10,000 73.5 
116 3 12 10,000 70.9 
117 3 12 15,000 54.8 
118 3 12 15,000 52,5 
119 3 8 5,000 165.9 
120 3 8 5,000 161. 3 
121 3 8 10,000 81. 3 
122 3 8 10,000 78.3 
123 3 8 15,000 53.2 
124 3 8 15,000 48.0 
125 3 8 15,000 52.1 
126 3 24 5,000 143.8 
127 3 24 5,000 135.6 
128 3 24 5,000 144.7 
129 3 24 10,000 75.9 
130 3 24 10,000 75.3 
131 3 24 15,000 50.1 
132 3 24 15,000 51. 4 
i·' 
I 
1· 
'>, 
,· .. June 28, 1962 ; .... 
!~ ~ f' ··; 133 4 1 5,000 165.3 
134 4 1 5,000 161. 0 
135 4 1 10,000 89.3 
136 4 1 10,000 91. 3 
f 137 4 1 15,000 63.6 
138 4 ,I 15,000 61. 5 
ti, 139 4 2 5,000 172.1 
'· 140 4 2 5,000 169.3 
141 4 2 10,000 93.6 
142 4 2 10,000 96.7 
143 4 2 15,000 59.0 Discard 
144 4 2 15,000 70.8 
145 4 2 15,000 68.9 
) 
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Run No. r L NRe T Remarks 
(in.) (sec.) 
I'! 
'· -~ ' 
i;: 
~·.; 146 4 4 5,000 162.4 
( 147 4 4 5i000 168.2 
i'. 148 4 4 10,000 80.3 
149 4 4 10,000 86.6 
150 4 4 10,000 87.0 
151 4 4 15,000 58.7 
152 4 4 15,000 60.6 
153 4 8 5,000 146.1 
154 4 8 5,000 147.6 
155 4 8 10,000 71. 3 Discard 
156 4 8 10,000 78.1 
157 4 8 10,000 78.'5 
158 4 8 15,000 51. 3 
159 4 8 15,000 56.6 
>· , 160 4 8 15,000 51. 0 
161 4 12 5,000 143.1 
162 4 12 5,000 141.1 
163 4 12 10,000 67.0 
164 4 12 10,000 72.2 
165 4 12 10,000 77. 2 
166 4 12 10,000 71. 3 
167 4 12 15,000 49.6 
(,, 168 4 12 15i000 48,5 
,. 
,, 
~' 
169 4 24 5,000 159.0 Discard 
170 4 24 5,000 151. 2 
171 4 24 5,000 151. 8 
172 4 24 10,000 75.4 
173 4 24 10,000 75,4 
174 4 24 15,000 51. 7 
175 4 24 15,000 54.8 
176 4 24 15,000 53.5 
177 5 1 5,000 181.1 
178 5 1 5,000 177.0 
179 5 1 10,000 85.8 
j.\ 180 5 1 10,000 85.9 
',,·, 
{1.- 181 5 1 15,000 61. 3 
:-1,t; 
\:1 
r.' 182 5 1 15,000 64.4 
June 29, 1962 
183" 5 2 5,000 170.1 
184 5 2 51 000 159.5 
185 5 2 5,000 165.0 
' .. 
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Run No. r L NRe T Remarks 
(in.) (sec.) 
186 5 2 10,000 81. 8 
187 5 2 10,000 82.5 
188 5 2 15,000 61. 8 
' 
' 189 5 2 15,000 55.0 
" 190 5 2 15,000 55.7 
191 5 4 5,000 168.1 
192 5 4 5,000 158.3 
193 5 4 5,000 152.2 
194 5 4 10,000 84.2 
195 5 4 10,000 82.6 
196 5 4 15,000 53.2 
197 5 4 15,000 56.8 
198 5 4 15,000 55.6 
199 5 8 5,000 146.9 Discard 
200 5 8 5,000 132.4 
201 5 8 5,000 131. 8 
202 5 8 10,000 67.6 
203 5 8 10,000 72. 7 
204 5 8 10,000 . 71.2 
205 5 8 15,000 50.9 
206 5 8 15,000 48.4 
207 5 12 5,000 146.1 
208 5 12 5,000 142.3 
209 5 12 10,000 74.4 
210 5 12 10,000 70.2 
211 5 12 10,000 69. 7 
212 5 12 15,000 49.5 
1;.;. 2.13 5 12 15,000 50.2 i" ··; 
( 
June 30, 1962 
,/ (~ 214 5 24 5,000 143.4 l• 
215 5 24 5,000 138.4 
216 5 24 10,000 81. 3 
217 5 24 10,000 75.4 
218 5 24 10,000 67. 7 Discard 
219 5 24 10,000 80.6 
220 5 24 15,000 51. 4 Pulse t: 0. 59sec. 
221 5 24 15,000 46.2 Pulse t: 0. 59sec. 
222 5 24 15,000 49.8 Pulse t: 0. 31sec. 
.. 
.1,, 
~ 
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Run No. r 
July 16, 1962 
223 3 
224 3 
225 3 
226 3 
227 3 
228 3 
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L NRe T Remarks 
(in.) (sec.) 
43 15,000 83.1 
43 15,000 83.3 
43 10,000 121. 3 
43 10,000 123.0 
43 5,000 212.7 
43 5,000 223.6 
' -J 
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H. Nomenclature 
A 
C 
C 
Co 
Cc:0 
d 
D 
De 
Dm 
I 
J* 
L 
N 
NRe 
N.F. 
q 
Q 
r 
t 
T 
area of inlet duct, ft2 
conductivity of tracer, arbitrary units 
concentration of tracer, ft3 tracer/ft3 fluid 
concentration at time of pulse in test section, ft3 tracer/ft3 fluid 
concentration in test section at oO, ft3 tracer/ft3 fluid 
diameter of test vessel, in 
dispersion coefficient (longitudinal), ft2 /sec 
local effective diffusivity, ft2 /sec 
molecular diffusivity, ft2 /sec 
defined by equation (11), sec 
velocity diffusion flux of tracer, ft/sec 
axial distance from inlet in test vessel1 · in 
velocity flux of tracer, ft/sec 
Reynolds number based on inlet port diameter 1 dimensionless 
normalizing factor i Tat L = 43 in 
local velocity vector, ft/sec 
quantity of tracer injected in pulse, ft3 
radius number, see Figure 6 and Table I 
time from start of pulse, sec 
median residence -time, sec 
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u average flow velocity, ft/sec 
;, 
1-' ft3 /sec V volumetric flow rate, 
V volume of test vessel, ft3 
X Cartesian coordinate, ft 
y Cartesian coordinate, ft 
z Cartesian coordinate, ft 
d diameter of inlet port, in 
C' mean residence-time, sec 
I. 
\ 
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